Scratch assays are used to study how a population of cells re-colonises a vacant region 1 on a two-dimensional substrate after a cell monolayer is scratched. These experiments 2 are used in many applications including drug design for the treatment of cancer and 3 chronic wounds. To provide insights into the mechanisms that drive scratch assays, 4 the solution of continuum reaction-diffusion models have been calibrated to data from 5 scratch assays. These models typically include a logistic source term to model carrying 6 capacity-limited proliferation, however the choice of using a logistic source term is 7 often made without examining whether it is valid. Here we study the proliferation of 8 PC-3 prostate cancer cells in a scratch assay, and we focus on the proliferation of these 9 cells far away from the scratch. All experimental results for the scratch assay are 10 compared with equivalent results from a proliferation assay where the cell monolayer is 11 not scratched. Visual inspection of the evolution of the cell density as a function of 12 PLOS 1/31 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
Introduction
(ProSciTech, Australia). Cells, grown to approximately 80% confluence, are removed For the proliferation assays, the cell count is determined and the cells are seeded at 138 various densities in 96-well ImageLock plates (Essen Bioscience). Cells are distributed 139 in the wells of the tissue culture plate as uniformly as possible. We report results for 140 initial seeding densities of approximately 12,000, 16,000 and 20,000 cells per well. 141 After seeding, cells are grown overnight to allow for attachment and some subsequent 142 growth. The plate is placed into the IncuCyte ZOOM TM apparatus, and images are 143 recorded every two hours for a total duration of 48 hours. An example of a set of 144 experimental images from a proliferation assay is shown in Fig 1A- C. For each initial 145 seeding condition we perform 16 identically prepared experimental replicates (n = 16). 146 For the scratch assays, the cell count is determined and the cells are seeded at 147 various densities in 96-well ImageLock plates (Essen Bioscience). Cells are distributed 148 in the wells of the tissue culture plate as uniformly as possible. We report results for 149 initial seeding densities of approximately 12,000, 16,000 and 20,000 cells per well. 150 After seeding, cells are grown overnight to allow for attachment and some subsequent 151 growth. We use a WoundMaker TM (Essen BioScience) to create uniform scratches in 152 each well of a 96-well ImageLock plate. To ensure that all cells are removed from the 153 scratched region, a modification is made to the manufacturer's protocol, where the 154 scratching motion is repeated 20 times over a short duration before lifting the 155 WoundMaker TM . After creating the scratch, the medium is aspirated and the wells are 156 PLOS 6/31
washed twice with fresh medium to remove any cells from the scratched area.
Following the washes, 100µL fresh medium is added to each well and the plate is 158 placed into the IncuCyte ZOOM TM apparatus. Images of the collective cell spreading 159 are recorded every two hours for a total duration of 48 hours. An example of a set of 160 experimental images taken from a scratch assay is shown in Fig 1D-F . For each initial 161 seeding condition we perform 16 identically prepared experiments in different wells of 162 the tissue culture plate (n = 16) . Throughout this work we will refer to these 163 identically prepared experiments in different wells as different replicates. 164 Experimental image processing 165 To obtain cell density information from the experimental images, we count the number 166 of cells in two identically sized subregions that are well behind the location of the 167 scratch, as shown in Fig 1G. The positions of the two subregions are located about 168 400µm behind the scratch, and each subregion has dimensions 1430µm×200µm. 169 Throughout this work, we refer to the subregion to the left of the image as subregion 170 1, and the subregion to the right of the image as subregion 2. Because the subregions 171 are located well away from the scratched region, we are able to invoke a simplifying 172 assumption that the dynamic changes in cell density in these subregions is due to cell 173 proliferation alone (Supplementary Material) [16] . We do not use data that are 174 directly adjacent to the left or right sides of the images since this corresponds to the 175 boundary of the field of view. Cells in each subregion are counted in Photoshop using 176 the 'Count Tool' [24] . After counting the number of cells in each subregion, we divide 177 the total number of cells by the total area to give an estimate of the cell density. We 178 repeat this process for each replicate and calculate the sample mean of the cell density 179 at two-hour intervals during the first 18 hours of the experiment where the most rapid 180 temporal changes take place. Then, during the last 30 hours of the experiment, we 181 count cells at six-hour intervals.
182
One of the assumptions we make when analysing data from the scratch assay is 183 that the two subregions are sufficiently far away from the edges of the scratch so that 184 there are no spatial variations in cell density at these locations for the entire duration 185 of the experiment. This assumption allows us to attribute any changes in cell density 186 in the subregions to be a result of cell proliferation [16] . Quantitative evidence to 187 PLOS 7/31 support this assumption is provided in the Supplementary Material.
Mathematical methods

189
The logistic growth equation, given by Eq (1), has an exact solution 190
which is a sigmoid curve that monotonically increases from the initial density C(0) to 191 K as t → ∞. An important feature of the logistic growth model that we will make use 192 of in this study is that the per capita growth rate, (1/C)(dC/dt) = λ(1 − C/K),
193
decreases linearly with C.
194
We estimate the two parameters in the logistic growth model, λ and K, by 195 minimising a least-squares measure of the discrepancy between the solution of the 196 logistic growth equation and the average cell density information in our subregions 197 that are located far away from the scratched region. The least-squares error is given by 198
where i is an index that indicates the number of time points used from the 199 experimental data sets and I is the total number of time points used in the calibration 200 procedure. We calibrate the solution of the logistic growth equation to the average cell 201 density information using the MATLAB function lsqcurvefit [25] that is based on 202 the Levenberg-Marquardt algorithm. In each case, we always check that our 203 least-squares estimates of λ and K, which we denote asλ andK, are independent of 204 the initial estimate that is required for the iterative algorithm to converge. Many previous studies that calibrate solutions of mathematical models to experimental 209 data from proliferation or scratch assays make use of just one initial density of 210 PLOS 8/31 cells [2, 5, 6, 10] . To provide a more thorough investigation of the suitability of various mathematical models, we calibrate mathematical models to a suite of experimental 212 data where the initial density of cells is intentionally varied [15] . To achieve this, our 213 experimental procedure involves placing a different number of cells into each well of 214 the tissue culture plate. We describe this as varying the initial seeding condition. In 215 this work we consider three different initial seeding conditions that correspond to 216 placing either: (i) 12,000; (ii) 16,000; or, (iii) 20,000 cells per well. For brevity, we 217 refer to these three conditions as initial seeding conditions 1, 2 and 3, respectively.
205
Results and discussion
218
After a particular number of cells are placed into the tissue culture plate, the cells 219 are incubated overnight to allow them to attach to the plate and begin to proliferate.
220
The experiments are then performed on the following day. Since the cell density 221 changes overnight, we will refer to the initial density of cells at the beginning of the 222 experiment on the following day, as the initial cell density. Intuitively, we expect that 223 the initial cell density in proliferation assays will be greater than the cell density 224 associated with the initial seeding condition, because the cells have had a period of 225 time to attach and begin to proliferate.
226
Before we examine the temporal evolution of cell density in our experiments, we 227 first examine the variability in the initial cell densities amongst our various 228 experimental replicates. This is essential, since the process of placing either 12,000, 229 16,000 or 20,000 cells in each well of the tissue culture place is, at best, an 230 approximation. To quantify the variability in the initial cell density, we count the 231 number of cells in the two subregions, as shown in Fig 1G, and convert these counts 232 into an estimate of the initial cell density, C(0). We repeat this procedure for both the 233 proliferation and scratch assays, giving a total of 96 individual estimates of the initial 3. There is a large variation in the initial cell density within each initial seeding 243 condition.
244
Of these three features, the variation in the initial cell density within each initial 245 seeding condition is very important. For example, the highest recorded initial cell 246 density for initial seeding condition 1 (12,000 cells per well) is greater than the 247 smallest recorded initial cell density for initial seeding condition 3 (20,000 cells per 248 well). This means that we ought to take great care when selecting particular 249 experimental replicates from the 96 data sets in Fig 2, otherwise our results could be 250 misleading when we try to examine how the results depend on the initial cell density.
251
We select three replicates from each initial seeding condition for both the 252 proliferation and scratch assays so that the initial cell density for the initial seeding 253 condition 3 is greater than the initial cell density for the initial seeding condition 2, 254 which is greater than the initial cell density for the initial seeding condition 1.
255
Furthermore, we select three replicates for both the proliferation and scratch assays 256 from each initial seeding condition. These choices are made so that the initial cell Using the previously identified three experimental replicates for each type of assay and 262 each initial seeding condition (Fig 2) , we plot the evolution of the cell density as a and each initial seeding condition. We see that the differences in initial density 266 between the proliferation assay and the scratch assay are minimal. The most obvious 267 trend in the data is that the cell density in both the proliferation assay and the 268 scratch assay increases dramatically with time, regardless of the initial condition.
269
We note that it could be possible to calibrate the solution of Eq (1) to any of the there is no guarantee that simply fitting the solution of the logistic equation to this kind of data means that the logistic model describes the underlying mechanism [26].
273
To provide further insight into whether the logistic model applies to these data, we 274 re-interpret the data in terms of the per capita growth rate.
275
Per capita growth rate 276 To estimate the per capita growth rate, (1/C)(dC/dt), we use the cell density data in for both proliferation and scratch assays, for the three initial densities considered.
283
To interpret our results, it is instructive to recall that the data in If the logistic growth model is valid, then we expect that the per capita growth rate 292 will be a linearly decreasing function of the density. In contrast, other kinds of at each initial seeding condition, appears to be reasonably well approximated by 301 PLOS 11/31 a linearly decreasing function of density; and, 302 3. The relationship between the per capita growth rate for each scratch assay is 303 more complicated, with the per capita growth rate increasing with density when 304 the density is small, and then decreasing with density when the density is 305 sufficiently large. 306 These observations suggest that the proliferation of cells in the scratch assay is very 307 different to the proliferation of cells in a proliferation assay. Because we are examining 308 the proliferation of cells that are located well away from the scratch, this result implies 309 that the process of scratching the monolayer can induce non-local effects.
310
The fact that we observe two very different trends in the per capita growth rate 311 data for the scratch assay motivates us to conjecture that the proliferation of cells in 312 the scratch assay, far away from the location of the scratch, takes place in two phases. 313
The first phase, which occurs at small cell densities and at early time, involves the per 314 capita growth rate increasing with density. This trend is the opposite of what we A schematic illustration of the differences observed between the per capita growth rate 320 in the scratch assay and the proliferation assay is given in Fig 5. In this schematic, we 321 refer to the first phase in the scratch assay as the disturbance phase, and the second 322 phase in the scratch assay as the growth phase. The per capita growth data in the 323 proliferation assay appear to be similar to the growth phase of the scratch assay for 324 the entire duration of the experiment.
325
In the schematic in Fig 5, (1), the fact that we see only a relatively small variation in our 378 estimates of these parameters is encouraging. In particular, we also report, in Tables We now explore how our estimates of λ and K are sensitive to whether or not we 383 PLOS 14/31 account for the differences in the disturbance and growth phases in the scratch assay. 384 We repeat the same calibration process as described for the results in difference at all. However, when we examine the estimates ofK andλ in Table 3 , the 397 importance of properly accounting for the disturbance phase in the scratch assay 398 becomes strikingly obvious. For example, taking this latter approach, our estimates of 399 the carrying capacity vary within the range K = 1.6 × 10 −3 − 2.8 × 10 7 cells/µm 2 , and 400 our estimates of the proliferation rate vary within the range λ = 0.019 − 0.067 h −1 .
401
We find that the results of the Levenberg-Marquardt algorithm are robust, returning 402 the same least-squares estimates for any positive initial estimate of K and λ in the 403 iterative algorithm [25] .
404
Comparing the ranges of estimates for λ and K in Tables 2 and 3 shows that the 405 model calibration procedure is extremely sensitive. For example, our range of 406 PLOS 15/31 Average 0.025 ± 0.006 1.5 × 10 7 ± 1 × 10 7
estimates of K when we account for the disturbance phase is smaller than a factor of 407 two amongst the six estimates. In contrast, when we neglect the disturbance phase, 408 our estimates of K vary across more than ten orders of magnitude amongst the six 409 estimates. Similarly, our range of estimates of λ when we account for the disturbance 410 phase is smaller than a factor of 1.5 among the six estimates. Again, in contrast, when 411
we take a standard approach and neglect the disturbance phase our estimates of λ 412 vary by more than a factor of three amongst the six estimates.
413
Conclusions 414
In this work we investigate the suitability of the logistic growth model to describe the 415 proliferation of cells in scratch assays. Scratch assays are routinely used to study the 416 ability of a population of cells to re-colonise an initially vacant region on a 417 two-dimensional substrate [1] [2] [3] [4] . Most experimental interpretations of scratch assays 418 are made using relatively straightforward measurements [1] . However, to provide 419 additional insights into the mechanisms involved in the re-colonisation process, some 420 previous studies have calibrated the solution of a reaction-diffusion equation to data 421 from a scratch assay [5, 6, [9] [10] [11] [12] [13] [14] [15] [16] . In these reaction-diffusion equations, it is commonly 422 assumed that carrying capacity-limited proliferation of cells can be described by a 423 logistic growth model. However, the suitability of this assumption is rarely examined 424 beyond the process of simply calibrating the solution of the relevant model to match 425 the experimental data.
426
To examine the suitability of the logistic growth model, we perform a series of 427 scratch assays and proliferation assays for three different initial cell densities. Cell and the carrying capacity density, K. This is a standard approach that has been used 447 by us [16] and many others [2, 10, 11] . However, while this standard calibration 448 procedure can be used to provide estimates of the parameters, this model calibration 449 procedure does not provide any validation that logistic growth is relevant [26] .
450
Rather than calibrating the logistic growth model to our experimental data, we data, it appears that the disturbance phase in the scratch assays lasts for 471 approximately 18 hours before the growth phase commences.
472
To estimate the parameters in the logistic growth model, we calibrate the solution 473 of the model to our cell proliferation data for the entire duration of the experiment.
474
This calibration procedure gives estimates of λ and K that are approximately 475 consistent across the three initial conditions. We then calibrate the solution of the 476 logistic growth model to the data from the growth phase in the scratch assay. This 477 procedure also gives estimates of λ and K that are consistent across the three initial 
484
The results of our study strongly suggest that care ought to be taken when After each image is processed in this way we have identified the total number of cells in the two subregions in the image, as shown in (I), and then we convert these estimates of cell numbers into an estimate of cell density. For each experiment, we report results for three identically prepared experimental replicates, and the average of these three data sets is also shown.
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PLOS 26/31 (A)-(F) correspond to proliferation and scratch assays initiated with 12,000 (initial seeding condition 1); 16,000 (initial seeding condition 2); and, 20,000 (initial seeding condition 3) cells per well, as indicated. Per capita growth rate data is calculated using the data in Fig 3. For each experiment, we report results for three identically prepared experimental replicates, and the average of these three experimental replicates is also shown.
PLOS 27/31 Results in (A)-(F) show the average per capita growth rate data as a function of density for both proliferation and scratch assays initiated with 12,000 (initial seeding condition 1); 16,000 (initial seeding condition 2); and, 20,000 (initial seeding condition 3) cells per well, as indicated. Green dots correspond to averaged data in the growth phase ( Fig 5) , and blue dots correspond to averaged data in the disturbance phase ( Fig 5) . The solid lines show the best fit linear relationship between the averaged per capita growth rate and averaged density. The best fit straight line is obtained for 0-48 hours in the proliferation assays, and for 18-48 hours in the scratch assays.
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